1. Introduction
===============

Packaging material fulfils numerous functions. Most importantly it maintains the quality and safety of packed foods. The quality of the food has to be ensured during the whole life cycle, this includes transportation and storage at the retailors and customers. To provide safe foodstuffs it is necessary to protect them depending on their respective requirements against oxygen, water vapor, contamination, and physical, chemical, or biological damage \[[@B1-materials-07-07975]\]. To achieve these requirements multilayer films are widely used in the food packaging sector \[[@B1-materials-07-07975]\]. Multilayer films combine the different advantages of each single layer. One example is ethylene vinyl alcohol (EVOH), which is embedded in other polyolefins and/or polyesters, providing a high oxygen barrier. However, EVOH is neither renewable nor biodegradable \[[@B2-materials-07-07975],[@B3-materials-07-07975]\].

A research on films made from proteins is driven by the demand for environmentally friendly, renewable polymeric materials. One objective faced by the plastics industry is to replace petroleum-based polymer layers in packaging films, such as EVOH, with biodegradable and renewable raw materials with equal or improved properties. In recent years, films and coatings have been made from renewable sources, such as casein, whey, soy, corn zein, collagen, wheat gluten, keratin and egg albumin \[[@B4-materials-07-07975],[@B5-materials-07-07975],[@B6-materials-07-07975]\].

The formation of protein-based films is preceded in three steps. First, low-energy intermolecular bonds which stabilize polymers in the native state are relieved. Second, polymer chains are newly arranged and orientated. And third, the formation of a three dimensional network is stabilized by new interactions and bonds. A wet process based on dispersion or solubilization of proteins, and a dry process based on the thermoplastic processing of proteins are used to make protein-based films \[[@B4-materials-07-07975]\].

Protein-based films have been successfully made among others from whey protein isolate, soy protein isolate and wheat gluten \[[@B7-materials-07-07975],[@B8-materials-07-07975],[@B9-materials-07-07975],[@B10-materials-07-07975],[@B11-materials-07-07975],[@B12-materials-07-07975],[@B13-materials-07-07975],[@B14-materials-07-07975],[@B15-materials-07-07975],[@B16-materials-07-07975]\]. Results have shown that proteins possess several functional properties for film formation. Although protein films have relatively poor water vapor barriers, due to their hydrophilic nature, they have excellent gas barrier properties \[[@B14-materials-07-07975],[@B17-materials-07-07975],[@B18-materials-07-07975],[@B19-materials-07-07975],[@B20-materials-07-07975],[@B21-materials-07-07975],[@B22-materials-07-07975],[@B23-materials-07-07975],[@B24-materials-07-07975]\]. A benefit of proteins is also their availability in high quantities. For example, whey protein is a by-product of cheese production, soy protein incurs in the soy oil extraction process, and wheat gluten is a by-product of starch fabrication \[[@B25-materials-07-07975],[@B26-materials-07-07975],[@B27-materials-07-07975]\]. A process of cross-linking is necessary to obtain coherent and flexible biofilms with improved mechanical and barrier properties. Furthermore, it is desirable that the biodegradability is maintained even if the films are cross-linked \[[@B24-materials-07-07975]\].

Therefore, the objective of this work was the identification of methods for determination and quantification of molecular interactions in protein films. In principle, the determination methods can be divided into the structural analysis of solutions and of solid films. The disadvantage of the cross-linking determination of solutions is that the samples must be dissolved. Possible consequences could be that interactions between the sample and dissolving agent change the protein conformation.

This work focuses on determination methods of molecular interactions that are already widely used in connection with the three chosen proteins. Aside, recent methods such as NMR and X-ray scattering should be considered, but the findings are narrow.

2. Protein Films
================

2.1. Definition and Characteristics of Proteins
-----------------------------------------------

Proteins are organic macromolecules and built out of amino acids which are chained by peptide bonds. The primary structure is characterized by its sequential order of amino acids. Depending on the primary structure, the protein will assume different structures along the polymer chain. The geometry can be arranged as α-helix, β-sheet or as turns and is coiled and stabilized by hydrogen bonds, van der Waals, electrostatic, hydrophobic and disulfide interactions. The tertiary structure is the overall shape of a protein molecule. This structure is stabilized by intermolecular interactions of lateral chains. For a quarternary structure several protein molecules must be joined together to a functional protein complex. The protein structure determines the ability to interact with each other and with other film components \[[@B28-materials-07-07975],[@B29-materials-07-07975]\].

The properties of proteins make them excellent starting materials for films and coatings. Intrinsic properties of the film components and extrinsic processing factors affect the final properties of the film \[[@B30-materials-07-07975]\]. The amino acid composition of the proteins is one crucial factor for intrinsic properties. The primary sequence of proteins is built up of charged, polar and nonpolar amino acids. This leads to a chemical potential along the protein chain. Resulting electrostatic interactions, hydrogen bonding, van der Waals forces and disulfide bridges can improve the stability of films \[[@B5-materials-07-07975],[@B6-materials-07-07975],[@B31-materials-07-07975],[@B32-materials-07-07975]\]. Barone *et al*. \[[@B33-materials-07-07975]\] discovered that protein films are often more stable than polysaccharide-based ones due to intermolecular disulfide linkages which can be present in protein films.

[Table 1](#materials-07-07975-t001){ref-type="table"} shows the amino acid building blocks of whey protein, soy protein and wheat gluten, which are commonly used already to make protein based films due to positive film forming properties and high potential concerning technofunctional properties. The thiol groups of cysteine residues allow intra- and intermolecular thiol-disulfide interchange, as noted for β-lactoglobulin \[[@B33-materials-07-07975]\]. A high amount of asparagine and glutamine residues is typical for storage proteins such as soy protein. A high number of glutamine turns wheat gluten into an acyl-donator for enzymatic cross-linking by transglutaminase. Both soy protein and wheat gluten are suited for intermolecular cross-linking by irradiation due to the relatively high content of aromatic acids (phenylalanine, tyrosine) \[[@B25-materials-07-07975],[@B34-materials-07-07975],[@B35-materials-07-07975],[@B36-materials-07-07975]\]. More intrinsic factors of proteins are crystallinity, salt, hydrophobicity, surface charge, pKI, molecular size and three-dimensional structure. Processing temperature, drying condition, pH, ionic strength, relative humidity during processing and storage, shear and pressure are counted towards the extrinsic factors \[[@B25-materials-07-07975],[@B37-materials-07-07975]\].

materials-07-07975-t001_Table 1

###### 

Amino acid composition of β-lactoglobulin, β-conglycinin, γ-gliadins and whole gliadins according to \[[@B25-materials-07-07975],[@B38-materials-07-07975],[@B39-materials-07-07975],[@B40-materials-07-07975],[@B41-materials-07-07975]\].

  Amino acid      β-lactoglobulin (Whey Protein) (mol%)   β-conglycinin (Soy Protein) (mol%)   γ-gliadins (Wheat Gluten) (mol%)   Whole Gliadins (Wheat Gluten) (per 100 g protein)
  --------------- --------------------------------------- ------------------------------------ ---------------------------------- ---------------------------------------------------
  Alanine         5.4                                     4.0                                  2.3                                28.6
  Arginine        2.5                                     8.3                                  1.8                                17.4
  Asparagine      3.1                                     12.0                                 2.9                                --
  Aspartic acid   6.9                                     --                                   --                                 24.8
  Cysteine        2.8                                     0.03                                 --                                 29.0
  Glutamic acid   6.2                                     24.5                                 45.8                               301.1
  Glutamine       11.2                                    --                                   --                                 --
  Glycine         0.9                                     3.5                                  1.4                                26.8
  Histidine       1.5                                     2.8                                  1.6                                16.3
  Isoleucine      6.3                                     4.5                                  4.4                                38.0
  Leucine         13.6                                    7.5                                  7.0                                60.6
  Lysine          10.5                                    6.1                                  --                                 5.0
  Methionine      2.8                                     0.4                                  0.9.                               10.9
  Phenylalanine   3.2                                     5.4                                  5.2                                37.5
  Proline         4.2                                     4.7                                  14.5                               142.0
  Serine          3.3                                     5.4                                  4.3                                53.6
  Threonine       4.4                                     3.3                                  1.7                                21.3
  Tryptophan      2.0                                     --                                   --                                 3.8
  Tyrosine        3.6                                     3.5                                  3.5                                16.0
  Valine          5.4                                     4.1                                  3.8                                41.6

2.2. Whey Protein
-----------------

Whey protein includes the following globular proteins: β-lactoglobulin, α-lactalbumin, bovine serum albumin, immunoglobulins and proteose peptones \[[@B42-materials-07-07975],[@B43-materials-07-07975],[@B44-materials-07-07975],[@B45-materials-07-07975]\]. β-lactoglobulin is the major protein in whey (57% in whey protein \[[@B46-materials-07-07975]\]) and dominates the aggregation and gelation behavior of whey protein preparations. The primary structure of β-lactoglobulin consists of 162 amino acids and has a molecular weight of 18 kDa \[[@B44-materials-07-07975],[@B47-materials-07-07975]\]. The secondary structure of β-lactoglobulin is dominated by beta-sheets and a three-turn alpha‑helix. The formation of two covalent disulfide bonds of four of the five cysteine molecules determines the tertiary structure of β-lactoglobulin ([Figure 1](#materials-07-07975-f001){ref-type="fig"}) The disulfide bonds stabilize the globular quaternary structure, its nonpolar lateral chains are located in the molecule inside, and its polar lateral chain are positioned in the molecule outside. The remaining free sulfhydryl group in the position CYS-121, which is normally buried internally in the native molecule, is decisive for film formation \[[@B48-materials-07-07975],[@B49-materials-07-07975],[@B50-materials-07-07975],[@B51-materials-07-07975]\]. Cohesion in films made out of native whey protein relies mainly on low energy bonding such as hydrogen bonding, electrostatic interactions and van der Waals forces \[[@B10-materials-07-07975]\].

The second most abundant whey protein α-lactalbumin is rich in lysine, leucine, threonine, tryptophan, and cysteine. The protein consists of 123 amino acids and has a molecular weight of about 14 kDA. The protein contains α-helix, β-sheet and random secondary structures ([Figure 1](#materials-07-07975-f001){ref-type="fig"}). Each one of the eight cysteine residues is linked together whereby it contains four internal disulfide bridges. The protein α-lactalbumin is more heat stable than other whey proteins because of calcium bonds at the asparagine residues \[[@B45-materials-07-07975],[@B49-materials-07-07975]\].

![Tertiary structure of (**a**) β-lactoglobulin and (**b**) α-lactalbumin \[[@B52-materials-07-07975]\]. Figures are created with Wolfram Mathematica 9.0 based on protein data from \[[@B52-materials-07-07975]\].](materials-07-07975-g001){#materials-07-07975-f001}

2.3. Soy Protein
----------------

Soy is a plant protein, which stores nitrogen and energy reserves for the germinating plant. It is a by-product from soybeans through an extraction process to obtain soy oil. Based on molecular weight and sedimentation coefficient, soy protein can be separated into 2S, 7S, 11S and 15S fractions \[[@B26-materials-07-07975],[@B53-materials-07-07975],[@B54-materials-07-07975]\].

Soy protein has high amounts of asparagine and glutamine residues. The major components of soy protein are the globular proteins β-conglycinin (7S fraction) and glycinin (11S fraction). Both fractions are tightly folded due to intramolecular cross-linking, though unstructured regions exist internally. The extent of intramolecular disulfide bridges is limited by only two to three cysteine per molecule β-conglycinin. Glycinin contains 20 disulfide bonds. The 7S protein, which makes up about 30% of the total protein, consists of three peptide subunits. The subunits are various combined and extensively glycosylated. The six acidic and basic subunits of glycinin (about 35% of the protein) are linked together via disulfide bonds \[[@B26-materials-07-07975],[@B32-materials-07-07975],[@B36-materials-07-07975],[@B55-materials-07-07975],[@B56-materials-07-07975],[@B57-materials-07-07975],[@B58-materials-07-07975],[@B59-materials-07-07975]\].

2.4. Wheat Gluten
-----------------

Wheat gluten (WG) is the byproduct, elastic mass after starch is washed from wheat flour dough. WG is an excellent film forming agent, but an addition of plasticizer to the film is necessary to form a homogenous film. Glutenins, gliadins, and the low molecular weight proteins albumins and globulins are the primary wheat protein fractions \[[@B27-materials-07-07975],[@B60-materials-07-07975],[@B61-materials-07-07975]\].

Gliadins can be classified into α-, β-, γ-, and ω-gliadins based on electrophoretic mobilities \[[@B62-materials-07-07975]\] at low pH and are characterized by their high content of glutamine residues. Hydrophobic interactions and intramolecular disulfide bonds cause the globular structure of gliadin. The terminal amino group of glutamine promotes hydrogen bonding among polypeptide chains. Glutenin is with a molecular weight over 1 × 10^7^, one of the largest natural polymeric molecules. Disulfide bonds are predominantly intermolecular in glutenin and contribute to viscoelastic properties of WG protein. The smaller globular gliadin polypeptides are packed into the network of the random-coiled glutenin polypeptide \[[@B18-materials-07-07975],[@B27-materials-07-07975],[@B31-materials-07-07975],[@B60-materials-07-07975],[@B62-materials-07-07975],[@B63-materials-07-07975],[@B64-materials-07-07975]\].

3. Cross-Linking in Protein Films
=================================

Cross-linking is a viable method to improve the mechanical strength and barrier properties against gas, vapors, and solutes by stronger intermolecular bonds, closer molecule packing and reduced polymer mobility. [Figure 2](#materials-07-07975-f002){ref-type="fig"} shows covalent and non-covalent interactions which can be formed after physical, chemical, and enzymatic treatments \[[@B65-materials-07-07975],[@B66-materials-07-07975]\].

![Schematic figure of possible inter-actions in cross-linked protein films. Adopted and extended from \[[@B67-materials-07-07975]\].](materials-07-07975-g002){#materials-07-07975-f002}

3.1. Thermal Cross-Linking
--------------------------

Exposing proteins to high temperatures leads in most cases to denaturation of the proteins. Heating changes the three-dimensional structure of proteins by disrupting hydrogen bonds and non-polar hydrophobic groups. Internal thiol and hydrophobic groups are exposed and can form intermolecular disulfide bond and hydrophobic interactions among the unfolded protein chains \[[@B37-materials-07-07975],[@B68-materials-07-07975]\].

Pérez-Gago and Krochta \[[@B10-materials-07-07975]\] examined the impact of heating of the film forming properties of WPI solutions. The degree of denaturation of whey proteins was found to depend on the denaturation of β-lactoglobulin because it is the main component of whey proteins. According to de Wit \[[@B50-materials-07-07975]\], thermal denaturation of β-lactoglobulin occurs at 78 °C in a 0.7 M phosphate puffer (pH 6). Besides polymerization, newly-exposed groups can interact through covalent intermolecular disulfide bonds and non-covalent forces including hydrophobic, van der Waals and hydrogen interactions. The degree of protein unfolding and denaturation, caused by variation in heating time and temperature, influence the degree of protein cross-linking. Films made from heated whey protein solution revealed significantly lower oxygen permeability than that of films made from unheated solution \[[@B10-materials-07-07975],[@B35-materials-07-07975],[@B38-materials-07-07975],[@B69-materials-07-07975],[@B70-materials-07-07975]\].

The denaturation behavior of soy protein is affected by its major components. Glycinin has a denaturation temperature between 85 and 95 °C and due to the disulfide bonds in its structure is more heat stable than β-conglycinin (temperature of denaturation between 65 and 75 °C). Heating of soy protein forms soluble aggregates between the subunits of β-conglycinin and the polypeptide chain of glycinin \[[@B71-materials-07-07975],[@B72-materials-07-07975],[@B73-materials-07-07975],[@B74-materials-07-07975]\]. Gennadios *et al*. \[[@B9-materials-07-07975]\] investigated the effect of pH of WG and soy protein film-forming solutions and hypothesized that covalent disulfide bonds are the main forces in film formation of dried film. Results of Stuchell and Krochta \[[@B75-materials-07-07975]\] showed that heat-treated soy protein films have lower water vapor permeability and higher tensile strength than the non-heat treated samples.

Heat treatment of film forming wheat gluten solutions leads to both formation of disulfide bonds from free thiol groups and disulfide-disulfide interchange reaction. Resulting wheat gluten aggregates are stabilized by irreversible cross-linking \[[@B31-materials-07-07975],[@B76-materials-07-07975],[@B77-materials-07-07975]\]. Besides solution-casting, processing techniques such as compression molding and extrusion gain in importance. Singh *et al*. \[[@B77-materials-07-07975]\] reported that gliadin polymerization occurs from above 90 °C and thus gluten materials are usually processed above 90 °C \[[@B13-materials-07-07975],[@B61-materials-07-07975],[@B77-materials-07-07975],[@B78-materials-07-07975],[@B79-materials-07-07975]\].

According to several authors, the higher the processing temperature the greater is the amount of protein cross-linking taking place. However, it must be considered that there is an upper limit of the processing window because too high a temperature can cause protein degradation and disruption of covalent bonds \[[@B32-materials-07-07975],[@B36-materials-07-07975],[@B78-materials-07-07975],[@B80-materials-07-07975]\].

3.2. Enzymatic Cross-Linking
----------------------------

Enzymes can also be used to cross-link proteins. Transglutaminase is the most common enzyme to create protein cross-linkages. Transglutaminase equates to a protein-glutamine-γ-glutamyl transferase and catalyzes the acyl transfer reaction between the carboxyl amide group (acyl donor) of glutamine residues and the amino group (acyl acceptor) of lysine residues. The results are intra- and intermolecular covalent cross-linked proteins. The resulting ε-(γ-glutamyl)lysine bonds lead to high molecular weight polymers. WPI films with transglutaminase-crosslinked have improved properties. For example, both the oxygen permeability and water vapor transmission rate of whey protein layers were reduced by the use of transglutaminase \[[@B20-materials-07-07975],[@B21-materials-07-07975],[@B81-materials-07-07975],[@B82-materials-07-07975],[@B83-materials-07-07975],[@B84-materials-07-07975],[@B85-materials-07-07975],[@B86-materials-07-07975],[@B87-materials-07-07975]\].

Transglutaminase is now widely used. As an example, Motoki *et al*. \[[@B88-materials-07-07975],[@B89-materials-07-07975]\] discovered the formation of heterologous biopolymers combining soy protein and casein through transglutaminase. HPLC and SDS-polyacrylamide gel electrophorese confirmed that the formation of ε-(γ-glutamyl)lysine bonds between the glutamyl residues of casein and the lysyl residues of the native soy protein is catalyzed by transglutaminase. A formation of cross-linked biopolymers from 11S soy protein fraction and whey protein has also been reported \[[@B86-materials-07-07975],[@B90-materials-07-07975]\]. Advantages of ε-(γ-glutamyl)-lysyl cross-links are that the enzymatic treatment leads to greater tensile strength and lower solubility of the films \[[@B86-materials-07-07975]\].

The contrary was observed in cross-linking by horseradish peroxidase. Horseradish peroxidase is available in a few forms and acts on proteins in the presence of oxygen and in the absence of low molecular weight hydrogen donors. This enzyme catalyzes the oxidation of tyrosine amino acid residues and the formation of di-, tri-, and tetra-tyrosine. These products eventually promote protein cross-linking. Horseradish peroxidase increases the solubility in soy protein solutions and causes some degradation of the protein chains. The moisture barrier could not be improved and the final films were also extremely brittle \[[@B75-materials-07-07975]\].

Wheat gluten film-forming solutions are well suited for enzymatic cross-linking by transglutaminase because of the high content of glutamine residues. Transglutaminase catalyzes a protein cross-linking reaction through acyl transfer between glutamine residues and primary amines. The content of ε-(γ-glutamyl)lysine cross-links can be increased by heating, as heating increases the content of glutamine and lysine residues on the surface \[[@B91-materials-07-07975],[@B92-materials-07-07975]\].

3.3. Irradiation
----------------

In general cross-linking by irradiation can be divided into two types, ionizing radiation (e.g., γ-irradiation) and non-ionizing irradiation (e.g., UltraViolet (UV) light). Ionizing irradiation can cause irreversible changes of protein conformation, oxidation of amino acids, breakage of covalent bonds, formation of protein free radicals, and recombination and polymerization reactions. The basic principle is that water forms hydroxyl radicals when exposed to γ-irradiation. Proteins with a high amount of aromatic amino acids, such as phenylalanine and tyrosine, react more with the hydroxyl radicals than with aliphatic amino acids \[[@B93-materials-07-07975]\]. The effect of γ-irradiation on the protein conformation depends on several factors, such as protein concentration, the presence of oxygen, and the quaternary structure of proteins \[[@B94-materials-07-07975]\]. Brault *et al*. \[[@B95-materials-07-07975]\] demonstrated that γ-irradiation forms bityrosine bridges between protein chains in milk protein films. Bityrosine bridges lead to an increase in molecular weight. Advantages of γ-irradiation in contrast to enzymatic cross-linking are that the process is less expensive and γ-irradiation allows the formation of insoluble and sterilizable films \[[@B95-materials-07-07975],[@B96-materials-07-07975]\].

The ability to form bityrosine bridges in whey protein films is limited by the low content of tyrosine residues in β-lactoglobulin \[[@B40-materials-07-07975],[@B97-materials-07-07975],[@B98-materials-07-07975]\]. The γ-irradiated wheat gluten films have increased water vapor barrier properties, increased tensile strength, and decreased elongation at an irradiation dose of 10 kGy (kilogray is a well-known unit of irradiation dose), while higher doses lead to reduced effects \[[@B13-materials-07-07975],[@B99-materials-07-07975],[@B100-materials-07-07975]\]. UV radiation is the formation of covalent cross-links in proteins by recombination and UV absorption of the aromatic acid, such as tyrosine and phenylalanine \[[@B101-materials-07-07975],[@B102-materials-07-07975]\]. Gennadios *et al*. \[[@B103-materials-07-07975]\] used UV radiation for cast SPI films. The UV irradiated films showed an increase in tensile strength and a reduction of elongation, which could be explained by a high amount of tyrosine and phenylalanine in the soy protein. UV-treatment had no effect on film water vapor permeability \[[@B13-materials-07-07975],[@B103-materials-07-07975]\].

3.4. Chemical Cross-Linking
---------------------------

The functional properties can also be influenced by chemical cross-linking of protein molecules. Chemical treatment of soy protein and treatment of the film-forming whey protein solution were examined. Brandenburg *et al*. \[[@B14-materials-07-07975]\] applied alkali-treatment with 0.1 N NaOH on soy protein isolate powder. The treatment caused an increase in elongation of the resulting films. The solubilization and partially denaturation have no significant influence on tensile strength, water- and oxygen permeability but a higher e-modulus was reported. Chemical cross-linkers such as glutaraldehyde, glycal, formaldehyde, dialdehyde starch, and carbonyldiimidazole leads to increasing tensile strength, decreased elongation, reduced water solubility, decreased water vapor barrier, and increased oxygen barrier of the films \[[@B14-materials-07-07975],[@B104-materials-07-07975],[@B105-materials-07-07975]\].

4. Methods to Determine the Degree of Cross-Linking in Protein Films
====================================================================

In principle, the analytical methods rely on analysis of proteins in solutions and of solid protein films. The disadvantage of studying solutions is that interactions between proteins and solvents change the protein conformation and initial cross-linking.

4.1. Structural Analysis of Solutions
-------------------------------------

### 4.1.1. Electrophoretic Analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophorese (SDS-PAGE) is the most commonly used system to fractionate proteins according to their molecular weight. The separation medium is a discontinuous gel on the basis of polyacrylamide, and an electric field is applied across the gel, causing the negatively charged proteins to migrate across the gel towards the anode. Changes in the molecular masses of the proteins can be identified by SDS. SDS cleaves non-covalent linked aggregates into monomers, whereas covalent disulfide bridges remain intact. The longer the proteins are, the more they are retained in the gel. Following electrophoresis, the gel may be stained with coomassie brilliant blue to make the separated proteins visible. The evaluation can be done qualitatively with a plotted molecular weight size marker of known molecular weight \[[@B106-materials-07-07975]\].

Monahan *et al*. \[[@B107-materials-07-07975]\] defined polymerization as the appearance of high molecular weight protein bands in the stacking gel and at the top of the resolving gel with a concomitant decrease in the intensity of monomeric protein bands. Bands of aggregates in electrophoretic patterns were detected in both heated and irradiated whey proteins \[[@B84-materials-07-07975],[@B107-materials-07-07975],[@B108-materials-07-07975],[@B109-materials-07-07975]\]. The immobile bands in the electrophoretic patterns are a sign of development of covalent intermolecular disulfide bonds induced by heating or by irradiation. Le Tien *et al*. \[[@B108-materials-07-07975]\] explained the accumulation caused by cross-linking of cysteine and the immobility of aromatic side chains. Heated β-lactoglobulin solutions were analyzed by SDS-PAGE to confirm that disulfide-linked aggregates are formed during heat treatment. Non-covalently linked protein aggregates are dispersed into monomers while aggregates linked through intermolecular disulfide-exchange reaction remain intact during electrophoretic analysis \[[@B110-materials-07-07975],[@B111-materials-07-07975]\].

Stuchell *et al*. \[[@B75-materials-07-07975]\] used SDS-PAGE to identify changes in the conformation of soy protein in film-forming solution due to enzymatic treatment. The results show that distinct protein bands disappear from the gel during enzymatic treatment. Also smearing toward the top of the gel with increasing time of incubation is visible. Both indicate that enzymatic treatment causes cross-linking of protein molecules and partial degradation of protein chains \[[@B75-materials-07-07975],[@B84-materials-07-07975],[@B112-materials-07-07975]\].

Distinct bands at the molecular weights of gliadins and gluetnins are noticeable for native WG films. By heating at temperatures up to 75 °C these bands smear and most of the functionality of WG is destroyed \[[@B76-materials-07-07975],[@B113-materials-07-07975]\].

Chawla *et al*. \[[@B114-materials-07-07975]\] and Le Tien *et al*. \[[@B108-materials-07-07975]\] used SDS-PAGE to verify formation of cross-linked proteins upon irradiation. SDS-PAGE pattern showed that the low molecular weight proteins (in the range of 14--20 kDa) were reduced upon irradiation and high molecular weight bands were observed. At irradiations doses of 60 kGy and above, high molecular mass aggregates fail to move into the stacking and separating gel. Therefore it can be concluded that the polymerization of whey protein upon irradiation is dose-dependent. The intensity of the aggregates bands increases with the UV dosage. UV radiation affects individual proteins in a different way due to varying amino acid compositions and molecular structure \[[@B103-materials-07-07975],[@B108-materials-07-07975],[@B114-materials-07-07975]\].

### 4.1.2. Size Exclusion Chromatography

Size exclusion chromatography (SEC) is used to determine the molecular weight of control and cross-linked samples. The principle of SEC is that particles of different sizes will elute through a stationary phase at different rates. Small molecules will elute late, because they can enter every region of the stationary pore system. Large molecules will elute early.

Le Tien *et al*. \[[@B97-materials-07-07975]\] compared the size exclusion chromatography of control, heated and γ-irradiated whey protein isolate (WPI) and whey protein concentrate (WPC) solutions. The smallest molecular weight fraction can be attributed to native, intramolecular cross-linked proteins. As mentioned before, thermal treatment and irradiation lead to cross-linking via formation of new interactions and an increase of the molecular weight (see [Table 2](#materials-07-07975-t002){ref-type="table"}). Thus the molecular mass distribution increases for heated or irradiated WPI. However, the formation of high molecular mass aggregates by irradiation is limited by little content of tyrosine residues for cross-linking via bityrosine bridges \[[@B97-materials-07-07975],[@B98-materials-07-07975],[@B108-materials-07-07975]\].

materials-07-07975-t002_Table 2

###### 

Molecular weight fractions of native, heated and γ-irradiated whey protein isolate (WPI) and WPC (whey protein concentrate) solutions \[[@B108-materials-07-07975]\].

  Soluble fraction of film-forming solution   Molecular weight (kDa)   Responsible interactions
  ------------------------------------------- ------------------------ ---------------------------------------
  Native WPI/WPC                              40                       Native or intramolecular cross-linked
  Heated WPI/WPC                              600--3800                Disulfide bonds
  γ-Irradiated WPI/WPC                        1000--2000               Bityrosine bridges

Changes in the molecular weight distribution of cross-linked films based on soy protein \[[@B93-materials-07-07975]\] and wheat gluten \[[@B13-materials-07-07975],[@B115-materials-07-07975]\] are also detected by SEC. The effect of cross-linking can also be derived from elution profile by enhancement of the molecular weight due to aggregation.

4.2. Structural Analysis of Solid Biofilms
------------------------------------------

### 4.2.1. Spectroscopic Techniques

Circular dichroism and Fourier Transform Infrared analysis are used to determine changes at secondary structure level. Both can be applied to study protein conformational changes within films.

Circular dichroism (CD) spectroscopy. Circular dichroism is a specific characteristic of optically active molecules. Enantiomers of chiral substances absorb circularly polarized light in different ways. All amino acids (except glycine), α-helices and β-sheets are chiral and therefore optically active. Thus CD analysis is used to determine conformational changes in the secondary structure of proteins. Proteins do not unfold totally during gelation, a loss of α-helix structures and an increase in β-sheet can be observed. Changes in the CD spectrum indicate transconformation of α-helix and β-sheet structures to unordered structures after heating. The measured quantity is the ellipticity, which is caused by the asymmetry of the molecule \[[@B106-materials-07-07975],[@B116-materials-07-07975],[@B117-materials-07-07975],[@B118-materials-07-07975]\].

A requirement to apply this analytical method for solid films is that the film samples must be transparent. This is problematic, because after processing treatment, protein films can darken in color, due to Maillard browning, or become hazy \[[@B119-materials-07-07975]\].

To our knowledge, CD is hardly ever used for structural analysis of soy protein or wheat gluten based films.

Fourier Transform Infrared (FTIR) spectroscopy. FTIR spectroscopy is used for characterization of protein secondary structure \[[@B120-materials-07-07975]\]. FTIR is highly versatile and can be used for samples of various states, including solutions, powders, and films \[[@B108-materials-07-07975],[@B121-materials-07-07975]\]. Ambrose *et al*. \[[@B122-materials-07-07975]\] showed that the frequency of the so-called amide I and amide II absorptions of a protein is related to the secondary structure of the protein. While proteins contain different secondary structural elements (α-helix, β-sheet, β-turn and unordered structures) the amide I band is a composite band. The amide I absorptions relates to the C=O stretching mode of the protein backbone \[[@B32-materials-07-07975],[@B108-materials-07-07975],[@B120-materials-07-07975],[@B123-materials-07-07975]\]. The molecular level of films made of whey protein \[[@B83-materials-07-07975],[@B108-materials-07-07975],[@B124-materials-07-07975]\], soy protein \[[@B32-materials-07-07975],[@B73-materials-07-07975]\] and wheat gluten \[[@B125-materials-07-07975],[@B126-materials-07-07975]\] have been investigated using FTIR.

[Table 3](#materials-07-07975-t003){ref-type="table"} summarizes the spectral changes of exemplary whey protein based films. The studies confirm that thermal treatment leads to partial loss of the secondary structure and to protein aggregation by formation of intermolecular, β-sheet structures, and can be indicated by changes in the amide I region. If so, bands which indicate β-sheets and α-helix are minimized or eliminated and an additional band is formed as a result of the new arrangements \[[@B32-materials-07-07975],[@B83-materials-07-07975],[@B108-materials-07-07975],[@B120-materials-07-07975],[@B124-materials-07-07975],[@B127-materials-07-07975]\].
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Structural changes in the amide I region of the Fourier Transform Infrared (FTIR) spectra of whey protein films in consequence of thermal denaturation \[[@B83-materials-07-07975],[@B108-materials-07-07975]\].

  Whey protein film   Wavenumber (cm^−1^)                                Responsible interactions
  ------------------- -------------------------------------------------- --------------------------
  Native              1621, 1634, 1692                                   Intramolecular β-sheets
  1649                α-helix                                            
  1606, 1663, 1677    β-turns, side chain residues                       
  Heated              Elimination and diminishment of the native bands   
  1612                Intermolecular β-sheets                            
  1682                Antiparallel β-sheets                              

Nuclear magnetic resonance spectroscopy (NMR). NMR is used to investigate the electronic environment of individual atoms and the interactions with their neighboring atoms. One- and two-dimensional NMR spectroscopy is commonly used to indicate changes in the conformation of proteins. The protein's degree of unfolding can be determined by 1D-NMR, when resolved and exchangeable protons have exchanged with solvent deuterium. 2D-NMR gives information at still higher resolution. For example, ^1^H NMR is used to determine conformational changes occurring in β-LG during heating \[[@B128-materials-07-07975]\]. ^1^H NMR is very sensitive to conformational changes, reaches atomic resolution, and gives information on different parts of the protein. By heating, the secondary and tertiary structure will change due to breakage and reformation of intra- and intermolecular interactions. This should be shown up in changes in exchangeable amide proton resonance. The NMR spectrum of native β-LG shows that the peaks are broadened and poorly resolved. Whey protein gel formation, at temperatures above 70 °C, leads to peaks disappearance and decrease in peak intensity \[[@B106-materials-07-07975],[@B128-materials-07-07975],[@B129-materials-07-07975],[@B130-materials-07-07975],[@B131-materials-07-07975]\]. Literature research revealed that NMR has rarely been used for protein films until recently (particularly soy protein and wheat gluten films), but the method seems promising. In addition, NMR was quite recently used to evaluate the acylation of WPI via fatty acid vinyl esters \[[@B132-materials-07-07975]\].

### 4.2.2. X-ray Scattering Methods

Native proteins exhibit crystallinity, which may be lost in the denaturation step of film formation because of unfolding of the amino acid chains. However, crystallinity can be rebuilt during drying because new interactions are formed. The presence and extent of crystallinity can be determined by X-ray scattering methods \[[@B133-materials-07-07975]\]. Le Tien *et al*. \[[@B108-materials-07-07975]\] indicated irreversible denaturation of whey proteins in the gelation process by X-ray diffraction. X-ray diffraction analysis showed that the formation of disulfide bonds between protein molecules by heating or γ-irradiation induces modification of the conformation of proteins. Proteins in whey protein films become more ordered and more stable \[[@B106-materials-07-07975],[@B108-materials-07-07975],[@B134-materials-07-07975]\].

Also small- and wide-angle X-ray scattering were used to gather information on the morphology and crystallinity of whey protein \[[@B127-materials-07-07975],[@B135-materials-07-07975]\], soy protein \[[@B136-materials-07-07975]\], and wheat gluten \[[@B137-materials-07-07975],[@B138-materials-07-07975]\] solutions. X-ray scattering results show to what extent the film forming process changes the internal structure and the film morphology.

5. Quantification of Degree of Cross-Linking in Protein Films
=============================================================

5.1. Swelling
-------------

Polymeric networks cannot be dissolved in fluid media, they swell instead. The degree of swelling depends on the interactions between the fluid and the polymer and on the structure and properties of both the solvent and the polymer. A higher degree of cross-linking decreases the swellability \[[@B139-materials-07-07975]\]. The fluid dissolves the network, while the elastic forces of the polymer counteract swelling. At a high degree of swelling, the entropy of the whole system decreases. The result of the swelling process is an equilibrium state. This state of swelling occurs when the chemical potential of the solvent in the polymer network equals the chemical potential of the free solvent.

The degree of cross-linking (ρ~c~) can be defined as the number of cross-linked monomers relative to the total number of monomers in a certain quantity of substance. This definition does not apply to practical systems well, because it does not involve free polymer chains or loops. Hence, instead of determining the number of linked monomers, swelling is an effective indirect method for determining the real degree of cross-linking. The degree of swelling (*Q*) can be calculated by comparing the weight of the swollen network (*a*) to the weight of the original network (*b*): $$Q = ~\frac{a - b}{b}$$

The reciprocal value (1/*Q*) is a relative value for the degree of cross-linking \[[@B70-materials-07-07975],[@B140-materials-07-07975],[@B141-materials-07-07975]\].

5.2. Protein Solubility Study
-----------------------------

The functional groups determine the protein solubility and this suggest that cross-linking has a notable impact on the solubility of proteins. Therefore the protein solubility study is suited to determine the important bonds in cross-linking process. The procedure is based on protein solubilization by using different solvents. The selective reagents are capable of destroying hydrogen bonds and hydrophobic interactions and capable of splitting disulfide interactions \[[@B106-materials-07-07975],[@B142-materials-07-07975]\].

Several studies reported that thermal and enzymatic treatment and UV-radiation lower the solubility of films made out of soy protein \[[@B32-materials-07-07975],[@B112-materials-07-07975],[@B142-materials-07-07975],[@B143-materials-07-07975]\] and wheat gluten \[[@B125-materials-07-07975]\]. Liu *et al*. \[[@B144-materials-07-07975]\] improved the protein solubility study to investigate the importance of non-covalent and covalent bonds in the thermoplastic process of proteins. Different types of extractions reagents are used to determine the solubility of the extrudates.

[Table 4](#materials-07-07975-t004){ref-type="table"} gives an overview of types of interactions and reagents able to break the interactions. The general salt buffer, such as phosphate buffer can extract protein in its native state. Urea or SDS break non-covalent interactions and the reducing agent, such as DTT, disrupts disulfide by thiol-disulfid-replacement. The procedure of the solubility study is as follows: (1) a buffered solution is made of all reagents to break all possible bonds; (2) one or more reagents are subtracted from the all containing buffered solution; and (3) the solubility values are compared with the all containing buffered solution. As a result, protein-protein interactions can be evaluated. In comparison with earlier literature, Liu *et al.* \[[@B142-materials-07-07975]\] used three reagents (thiourea, Triton X-100, CHAPS) to differentiate the relative importance among non-covalent interactions. Thiourea disrupts hydrophobic bonds more effectively, urea, however, is appropriate to hydrogen bonding \[[@B142-materials-07-07975],[@B144-materials-07-07975],[@B145-materials-07-07975]\].

The quantification can be carried out by Bradford-Assay. It is a rapid and sensitive photometric method for determination of protein concentrations which involves the dye Coomassie Brilliant Blue G-250. In presence of proteins, the red, cationic form of Coomassie Brilliant Blue G-250 changes to the blue, anionic form. Thus the absorption maximum of the protein increases from 465 to 595 nm by binding of the before mentioned dye and the protein concentration can be measured at 595 nm \[[@B146-materials-07-07975],[@B147-materials-07-07975]\].

materials-07-07975-t004_Table 4

###### 

Types of interactions, specific interactions and reagents able to break up the interactions \[[@B142-materials-07-07975]\].

  Type of Interaction          Specific Interaction                 Reagents Capable of Breaking up the Interactions
  ---------------------------- ------------------------------------ ----------------------------------------------------------------------------------------------------------
  Covalent                     Disulfide bonding                    Oxidizing or reducing agents, e.g., performic acid, DTT
  Non-Covalent                 Hydrogen bonding                     Strong H-bonding agents, e.g., urea, diemethyl formamide, thiourea, SDS
  Non-Covalent                 Hydrophobic interaction              Ionic and nonionic detergents, e.g., SDS, thiourea, Triton, CHAPS sodium salts of long-chain fatty acids
  Non-Covalent electrostatic   Acid hydrophilic basic hydrophilic   Acids, alkali or salt solution

SDS, sodium dodecyl sulfate; DTT, dithiotreitol; CHAPS, (3-\[(3-Cholamidopropyl)-dimethylammonio\]-propan- sulfonat).

[Table 5](#materials-07-07975-t005){ref-type="table"} gives an overview of the described methods and their use for solutions and films.
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Summary of qualification and quantification methods mentioned in this review of molecular interactions in protein based films and solutions.

  State      Qualification                                             Quantification
  ---------- --------------------------------------------------------- -----------------------------------
  Solution   SDS-Page Size exclusion chromatography X-ray scattering   --
  Film       Spectroscopic techniques X-ray diffraction                Swelling protein solubility study

6. Conclusions
==============

Protein based films have a promising potential to fulfill customer demands and expectations of new packaging systems that are biodegradable and made from renewable sources. However, mechanical and barrier properties still need to be improved, so that they are competitive with standard barrier polymers used today. The amino acid sequence of the protein is crucial for possible intermolecular cross-linking. Heat denaturation, enzymatic, chemical treatment, or irradiation can result in more stable films with improved barrier properties.

This work gives an overview of methods to determine and quantify intermolecular cross-links. The qualitative determination methods can be differentiated into structural analysis of solutions and of solid films. SDS-PAGE and size exclusion chromatography identify intermolecular cross-linking by increase of the molecular weight by aggregation. Spectroscopic techniques (CD, FTIR, NMR) characterize the secondary structure of proteins. It can be confirmed, that polymerization results in partial loss of the secondary structure and formation of new inter-molecular cross-links. Up to now CD and NMR have been rarely used for structural application of whey protein, soy protein and wheat gluten based film but they seem fairly promising. X-ray scattering methods such as WAXS (wide-angle X-ray scattering), are used to determine the crystallinity of proteins, while SAXS (small-angle X-ray Scattering) is common for studying the macromolecular structure of proteins, and thus the morphology of films. Qualitative determination methods have been more investigated than the quantitative determination of protein cross-linking. However, the degree of cross-linking can be calculated by the degree of swelling. The most promising quantitative method is the protein solubility study. Detailed information on specific interactions is given by studying the protein resolubilization by selective regents with several mechanisms of protein solubilization. An advantage of this method is that it can also be applied to the raw film material. Until now, the formation of new disulfide bonds as a result of cross-linking has only been detected in aqueous solutions and not in dry films \[[@B148-materials-07-07975]\]. Thus the protein solubility study would be suited to characterization of cross-linking in protein films and coatings. Hydrogen bonds, hydrophobic and covalent interactions could be quantified by this method.
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